Mitochondrial fission has been linked to the pathogenesis of diabetic nephropathy (DN). However, how mitochondrial fission affects progression of DN in vivo is unknown. Here, we report the effect of conditional podocyte-specific deletion of dynamin-related protein 1 (Drp1), an essential component of mitochondrial fission, on the pathogenesis and progression of DN. Inducible podocyte-specific deletion of Drp1 in diabetic mice decreased albuminuria and improved mesangial matrix expansion and podocyte morphology. Ultrastructure analysis revealed a significant increase in fragmented mitochondria in the podocytes of wild-type diabetic mice but a marked improvement in mitochondrial structure in Drp1-null podocytes of diabetic mice. When isolated from diabetic mice and cultured in high glucose, Drp1-null podocytes had more elongated mitochondria and better mitochondrial fitness associated with enhanced oxygen consumption and ATP production than wild-type podocytes. Furthermore, administration of a pharmacologic inhibitor of Drp1, Mdivi1, significantly blunted mitochondrial fission and rescued key pathologic features of DN in mice. Taken together, these results provide novel correlations between mitochondrial morphology and the progression of DN and point to Drp1 as a potential therapeutic target in DN.
Mitochondria are dynamic organelles that periodically divide (fission) and fuse (fusion). [1] [2] [3] Through the fission and fusion processes, mitochondria are able to interchange their morphology between an elongated, interconnected mitochondrial network and a fragmented, denser arrangement depending on the cell type and the metabolic demands of the cell. [4] [5] [6] The importance of frequent mitochondrial fission and fusion events was not clearly appreciated until fairly recently, when it was suggested that abnormal mitochondrial dynamics, an imbalance between mitochondrial fission and fusion, were linked to a number of diseases, such as neurodegenerative and cardiovascular diseases. 4, 7 Consistent with these observations, we have recently shown that mitochondrial fission is closely associated with key features of diabetic nephropathy (DN). 8 However, how mitochondrial fission contributes to the development and progression of DN in vivo has not yet been fully elucidated.
Members of the Dynamin family are key components of mitochondrial dynamics. 9, 10 Importantly, dynamin-related protein 1 (Drp1) is essential for mitochondrial fission. 11, 12 Drp1 is an evolutionary Pod-f/f mice (n=3 mice per group). GAPDH was used as loading control. (E) Representative immunofluorescence micrographs of kidney sections stained with primary antibodies against Drp1 (green) and Synaptopodin (red) from tamoxifen-induced Drp1
Pod-f/f and noninduced mice (n=5 mice per group). Sections were counterstained with DAPI. Scale bars, 50mm.
conserved protein, which can self-assemble into large multimeric spirals, mediating mitochondrial fission through a GTPdependent constriction of mitochondria. 12, 13 Drp1 is essential for embryonic development in mice, and its loss causes embryonic lethality at approximately embryonic days 11.5-12. 14, 15 The essential role of Drp1 in development is not surprising considering that Drp1 and mitochondrial fission play key roles in important biologic activities of the cell, such as apoptosis and mitophagy. 11, 16, 17 However, whereas early reports indicated that enhanced Drp1 activity and consequently, mitochondrial fission were associated with increased cytochrome c release, eventually enhancing cell apoptosis by increasing reactive oxygen species (ROS) production, 4, 11, 18 other studies have challenged the traditional pathogenic effect of high levels of Drp1 activity, suggesting that the effect of Drp1 on cell death could likely be tissue specific and context dependent. 19 We have recently shown that one of the characteristic features of mitochondrial dysfunction in the diabetic kidneys is excessive mitochondrial fission. 8 These findings provided the first evidence for a central role of Drp1 in mediating mitochondrial dysfunction in DN. However, the role of Drp1 in DN in vivo remained unknown. Thus, to assess the value or limitations of targeting Drp1 in progression of DN and its effect on mitochondrial function, we generated a genetically modified mouse model, in which Drp1 was selectively deleted in podocytes in an established model of type 2 diabetes. We complemented our results by using a pharmacologic inhibitor of Drp1 in diabetic mice as well as mechanistic studies in vitro using cultured podocytes. The results of our genetic approach in diabetic mice coupled with the pharmacologic findings suggest that podocytes from diabetic mice deficient for Drp1 are protected against progression of DN. Furthermore, our findings suggest that Drp1 knockdown in podocytes improves mitochondrial dysfunction in the diabetic environment. These observations strongly support the role of Drp1 and mitochondrial dynamics as new potential targets in DN.
RESULTS

Generation and Characterization of an Inducible
Podocyte-Specific Drp1-Null Mouse Model Recent studies have revealed that complete loss of function of Drp1 is embryonically lethal because of several developmental defects. 14, 15 Therefore, to gain insights into the relationship between the mitochondrial fission machinery and podocyte homeostasis, we generated mice with an inducible, podocytespecific floxed allele of Drp1 ( Figure 1, A and B) . We first crossed Drp1 flox/flox mice with podocyte-specific, tamoxifeninducible improved Cre recombinase under the control of the human (NPHS2) podocin promoter (podocin-iCreER T2 ) transgenic mice previously generated in our laboratory. 20 
Drp1
flox/flox ; podocin-iCreER T2 mice (here referred to as Drp1
Pod-f/f ) were phenotypically normal and born at the expected Mendelian frequency and proportional male-tofemale ratios ( Figure 1C ). At 8 weeks of age, Drp1
Pod-f/f mice were induced with tamoxifen to generate podocyte-specific Drp1-null mice. Western blot analysis of Drp1 expression in podocytes isolated from tamoxifen-induced Drp1 Pod-f/f mice revealed reduced Drp1 levels compared with noninduced control podocytes ( Figure 1D ). We also confirmed that Drp1 expression in other cell types of the kidney, comprising a mixture of endothelial, mesangial, and tubule cells of tamoxifeninduced mice, was not significantly altered ( Figure 1D ). Immunofluorescence analysis revealed substantially attenuated Drp1 staining in podocytes from tamoxifen-induced Drp1
Pod-f/f on the basis of colocalization patterns of Drp1 and Synaptopodin, a podocyte-specific cytoplasmic protein ( Figure 1E ). Disruption of podocyte-specific Drp1 expression did not elicit significant histopathologic consequences as assessed by periodic acid-Schiff (PAS) staining and transmission electron microscopy (TEM) ( Figure 1F) . Furthermore, the total number of podocytes was similar in tamoxifen-induced Drp1
Pod-f/f mice compared with noninduced mice (Figure 1 , G and H). Importantly, the albumin-to-creatinine ratio was unchanged by podocyte-specific deletion of Drp1 after tamoxifen induction ( Figure 1I ). Finally, ultrastructure examination of mitochondria in podocytes from tamoxifen-induced Drp1
Pod-f/f revealed more elongated mitochondria compared with controls ( Figure 1J ). Taken together, these findings suggest that conditional deletion of Drp1 in podocytes leads to elongation of mitochondria in podocytes but does not lead to significant biochemical or histologic changes.
Targeted Deletion of Drp1 in Podocytes Mitigates
Progression of DN We next tested whether Drp1 deletion in podocytes exerts a renoprotective effect in DN, a condition in which podocytes are stressed under hyperglycemic conditions. To test this, we crossed Drp1
Pod-f/f with Lepr db/+ mice, an established experimental model of type 2 diabetes, to generate Lepr db/db
;Drp1
Pod-f/f mice (hereafter referred to as db/db;Drp1
Pod-f/f ) ( Figure 2A ). To investigated the effect of Drp1 deletion in podocytes, we allocated mice into four groups: db/m;Drp1
Pod-f/f (with or without tamoxifen) and db/db;Drp1
Pod-f/f (with or without tamoxifen). Tamoxifeninduced diabetic Drp1
Pod-f/f mice exhibited similar metabolic parameters, including body weight and blood glucose levels, compared with noninduced diabetic controls ( Figure 2 , B and C). However, deletion of Drp1 in podocytes significantly improved the extent of albuminuria as measured by albumin-tocreatinine ratio in tamoxifen-induced db/db;Drp1
Pod-f/f mice at 16 (by approximately 60%) and 20 weeks of DN (by approximately 40%) compared with noninduced diabetic control mice ( Figure 2D ).
We then investigated the effect of Drp1 deletion in podocytes on the key histopathologic features of DN. Tamoxifen-induced db/db;Drp1
Pod-f/f mice exhibited a significant reduction of mesangial expansion compared with noninduced diabetic controls as measured by PAS staining ( Figure 2E , row 1). When we quantified podocyte numbers by WT1 staining, we found that tamoxifen-induced db/db;Drp1
Pod-f/f mice maintain their number of podocytes compared with noninduced diabetic controls ( Figure 2E , row 2). Consistent with these findings, TEM micrographs also revealed marked improvement in podocyte foot process effacement ( Figure 2E , row 3) and glomerular basement membrane (GBM) in tamoxifen-induced db/db;Drp1 Pod-f/f mice compared with their noninduced diabetic controls ( Figure 2E ). Scanning electron microscopy analysis confirmed these findings, because we observed a significant improvement in podocyte foot process flattening in tamoxifeninduced diabetic mice compared with controls ( Figure 2E , row 4). Quantification of these parameters strongly confirmed that genetic deletion of Drp1 in podocytes in diabetic mice significantly prevents biochemical and histologic features of DN progression (Figure 2, F-H) . Furthermore, ultrastructure examination of mitochondria in tamoxifen-induced diabetic mice revealed significant increase in elongated mitochondria ( Figure 2I ). Importantly, aspect ratio measurements revealed that deletion of Drp1 in podocytes blocked high glucose (HG) -mediated mitochondrial fission in vivo ( Figure 2J ). On the basis of these data, we concluded that targeted disruption of Drp1 expression in podocytes leads to amelioration of key features of DN.
Interruption of Mitochondrial Fission Improves Mitochondria Fitness
To better understand the basis for improvements in key features of DN after blocking of mitochondrial fission in podocytes, we set out to determine whether the renoprotective effects of Drp1 were attributable to changes in mitochondrial fitness. To this end, we isolated and cultured primary podocytes from tamoxifen-induced diabetic Drp1
Pod-f/f mice. Cultured podocytes from noninduced diabetic and nondiabetic Drp1
Pod-f/f mice were used as controls and baselines, respectively, for interpreting our findings. Early-passage podocytes were maintained in either normal glucose (NG; 5 mM) or HG (25 mM) for the duration of the study. Importantly, we found that deletion of Drp1 reverses the effect of HG on both basal and maximal oxygen consumption rate (OCR) levels ( Figure 3 , A-C). We found that deletion of Drp1 in podocytes from diabetic mice led to an approximately 40% reduction in ROS production but noticeably, increased total ATP content by approximately 20% compared with noninduced controls ( Figure  3 , D and E). Consistent with overall improvement in mitochondrial fitness, we found that deletion of Drp1 prevents HG-mediated increases in mitochondrial membrane potential by 27% (Figure 3 , F and G). We also noticed that mitochondria from tamoxifen-induced nondiabetic and diabetic mice were profoundly elongated, whereas mitochondria from noninduced diabetic mice were rounded and circular, suggestive of enhanced mitochondrial fusion in induced podocytes ( Figure 3F ).
To confirm the key findings from primary cultured podocytes, we isolated podocytes from 24-week-old tamoxifeninduced diabetic Drp1
Pod-f/f or uninduced control mice and measured the OCR directly in freshly isolated podocytes. Consistent with our results from cultured cells, we observed that Drp1 deletion leads to a significant increase in basal and maximal OCR levels in tamoxifen-induced diabetic mice compared with noninduced control mice ( Figure 3 , H-J). Furthermore, we confirmed that deletion of Drp1 in podocytes leads to significantly increased ATP levels in tamoxifeninduced diabetic mice compared with controls ( Figure 3K ). Taken together, these results suggest that podocyte-specific deletion of Drp1 in diabetic mice leads to improved mitochondrial fitness in the diabetic milieu as evidenced by a reversal in several key bioenergetics parameters.
Pharmacologic Inhibition of Drp1 Prevents Progression of DN
Recent observations suggest that pharmacologic inhibition and genetic ablation of Drp1 may not provide the same information. 21 To address this, we deployed a well established inhibitor of Drp1 GTPase activity, Mdivi1, to investigate whether pharmacologic inhibition of Drp1 activity could lead to improvements in the DN phenotype. To this aim, we used an integrated in vitro and in vivo approach, where we initially took advantage of cultured podocytes exposed to HG conditions to assess the effect of Mdivi1 on mitochondrial morphology associated with HG conditions. Consistent with the observed effect of Mdivi1 on GTPase activity, we observed that podocytes exposed to HG exhibited a significant increase in Drp1-GTPase activity, whereas treatment of cells with Mdivi1 markedly reduced HG-induced Drp1 activity in podocytes ( Figure 4A ). Because we had previously shown that Ser-637 (mouse Ser-600) phosphorylation of Drp1 is required for mitochondrial fission in podocytes, 8 we next examined the effect of Mdivi1 on Drp1 phosphorylation at this site in HG-treated podocytes as an indirect assessment of Drp1 activity. We observed that, although there was a marked increase in HG-induced mitochondrial fission and Ser-637 Drp1 phosphorylation after HG treatment, pretreatment with Mdivi1 resulted in a marked decrease in both mitochondrial fission and Ser-637 phosphorylation ( Figure 4B ). We then quantified changes in mitochondrial morphology by examining the distribution and average mitochondrial lengths in cultured podocytes treated with Mdivi1 in HG conditions. After staining with Mitotracker Red, mitochondria from podocytes cultured in NG conditions exhibited an interconnected network of tubular, elongated structures. In contrast, mitochondrial morphology was shifted toward a more fragmented, discontinuous network, with a higher proportion of smaller and rounder mitochondria in cells cultured in HG conditions ( Figure 4 , C-E). Importantly, we observed that treatment with Mdivi1 in podocytes exposed to HG conditions rescued the mitochondrial morphology, leading to a mitochondria morphology, which mainly resembled NG conditions ( Figure 4 , C-E). Indeed, mitochondrial aspect ratio and form factor from HG-induced cultured podocytes treated with Mdivi1 were significantly improved ( Figure 4D ). In addition to changes in aspect ratio and form factor, mitochondria from Mdivi1-treated podocytes showed increased surface area and perimeter similar to mitochondria from NG culture conditions, whereas mitochondria in podocytes in HG conditions were more fragmented as revealed by the circularity measurement, suggesting enhanced mitochondrial fission ( Figure 4E ). To further understand the functional consequences of preventing Drp1-mediated mitochondrial fission in podocytes, we measured cellular apoptosis. We found that Mdivi1 significantly attenuated HG-induced early apoptosis in podocytes as measured by flow cytometry for Annexin V-positive cells ( Figure 4F ). We also observed that, although treatment with HG significantly increased mitochondrial ROS levels, Mdivi1-treated podocytes exhibited significantly blunted HG-induced mitochondrial ROS levels ( Figure 4G ). In addition, we asked if pharmacologic inhibition of Drp1 had a similar effect on other parameters of mitochondrial fitness. Similar to our genetic model, we found that inhibition of Drp1 relieves HG-induced alterations in mitochondria membrane potential and ATP levels ( Figure 4 , H and I). Finally, we assessed whether the administration of Mdivi1 in db/db models of DN phenocopies the results that we observed with the treatment of Mdivi1 in cultured podocytes. Figure 5A describes our schematic intervention with Mdivi1 in the db/db model of DN. Consistent with our genetic model, inhibition of Drp1 in diabetic mice led to significantly attenuated albuminuria measured at 4 and 8 weeks after initiation of Mdivi1 treatment ( Figure 5B ). Long-term treatment of diabetic mice with Mdivi1 did not affect body weight or kidney weight-tobody weight ratio compared with controls ( Figure 5 , C-E).
However, blood glucose levels were decreased by approximately 25% in Mdivi1-treated diabetic mice, albeit the differences in blood glucose levels did not reach statistical significance. We also observed that mesangial expansion was significantly attenuated in diabetic mice treated with Mdivi1 as assessed by PAS staining ( Figure 5, F and I) , and the total number of podocytes per glomerular area was markedly improved in Mdivi1-treated diabetic mice, similar to numbers observed in nondiabetic controls ( Figure 5G ). Consistent with these improvements, ultrastructure analysis by TEM and scanning electron microscopy revealed significant attenuation in podocyte foot process effacement and podocyte flattening in Mdivi1-treated diabetic mice compared with controls ( Figure  5H ). We quantified a significant reduction in GBM thickness in Mdivi1-treated diabetic mice ( Figure 5K ). Analysis of mitochondrial ultrastructure in podocytes from db/db mice revealed the expected dense and fragmented mitochondria compared with db/m controls, whereas sections from Mdivi1-treated diabetic mice revealed significantly elongated mitochondria ( Figure 5L ). We quantified these changes as a measure of form factor and aspect ratio and found that mitochondria from Mdivi1-treated mice phenocopied those from nondiabetic controls ( Figure 5M ). Our interpretation of these findings is that Drp1 activation is a key step in the pathogenesis of DN and that blocking Drp1 activity could, indeed, prove beneficial in enhancing mitochondrial fitness and the progression of DN.
DISCUSSION
This study identifies novel correlations of mitochondrial morphology with the progression of DN and shows the importance of Drp1 in mediating mitochondrial dysfunction in the diabetic milieu and its role in the development of diabetic kidney disease. We combined Drp1 floxed allele mice with inducible podocyte-specific Cre and db/db diabetic mice to generate podocyte-specific Drp1 knockout in adult diabetic mice. Our findings indicate that conditional deletion of Drp1 in podocytes improves mitochondrial fitness in podocytes and ameliorates progression of DN. Consistent with our genetic approach, we show that pharmacologic inhibition of Drp1 activity prevents the development of DN in type 2 diabetic mice. Although short-term use of Mdivi1 has been previously shown to be safe in multiple studies, its long-term efficacy and safety profile has received less scrutiny. In this regard, our findings suggest that the long-term therapeutic use of Drp1 inhibitor, Mdivi1, is safe and efficacious in DN. Interestingly, we detected a trend between Mdivi1 administration and blood glucose levels in diabetic mice, albeit not reaching statistical significance. One interpretation of this observation is that the beneficial effects of Mdivi1 on progression of DN could be partially dependent on the mild glucose-lowering properties of Mdivi1. Our genetic approach by using Drp1 knockdown in diabetic mice in combination with our other findings presented in this study, however, provides strong evidence on a direct effect of Drp1, independent of its mild antidiabetic effect, in the development and progression of DN. How does loss of Drp1 protect against progression of DN? Recent studies have painted an interesting picture on an emerging role of mitochondrial dynamics, whereby the shape and size of mitochondria are associated with the proper function and activity of a variety of organs. 7, [22] [23] [24] However, despite significant progress in deciphering the role of mitochondrial dynamics in human pathologies, reports exploring the relationship between mitochondrial morphology and progression of DN are lacking. We have previously shown that activation of mitochondrial fission contributes to podocyte injury in vitro. 8 Here, we translated our in vitro observations to an in vivo model by using Cre-mediated, podocyte-specific Drp1 gene ablation. We observed that changes in the mitochondrial morphology contribute to the broad spectrum of mitochondrial dysfunction in DN and identified Drp1 as an important player in mediating progression of DN. To our knowledge, this report is the first to show that mitochondrial fission has a central role in progression of DN in vivo.
Our attempts to define the molecular mechanisms for the renoprotective effects of Drp1 deletion in the diabetic environment culminated in several observations indicating that Drp1 deletion was associated with a more tubular morphology in podocytes, whereas diabetes resulted in more condensed and fragmented phenotype. Importantly, we observed increased mitochondrial ROS and decreased ATP in cells with more fragmented mitochondria. Our results are consistent with an emerging appreciation that mitochondrial morphology plays a central role in ROS production and cell apoptosis. [25] [26] [27] [28] [29] Furthermore, we found that Drp1 knockdown rescues mitochondrial morphology in the diabetic milieu and improves mitochondrial fitness.
One important contribution of our findings is to characterize the effect of Drp1 in the diabetic environment in vivo. This is particularly relevant, because the effect of Drp1 knockdown in different organs remains the center of controversy, with seemingly opposite effects depending on specific organs/ tissues and contexts. 19, 30, 31 Here, we assessed the crosstalk between mitochondrial fitness, mitochondrial morphology, and loss of Drp1 in podocytes on progression of DN by different approaches. First, we determined the bioenergetic effect of Drp1 deletion in podocytes by conditional deletion of Drp1. Second, we followed changes of mitochondrial fitness in cultured podocytes treated with HG. Third, we characterized morphologic and bioenergetics changes in freshly isolated podocytes from an established model of type 2 diabetes. On the basis of our data, we suggest a model where the changes in mitochondrial morphology associated with Drp1 knockdown result in a significant improvement in mitochondrial fitness and function.
Recent studies have shown that Drp1 is post-translationally regulated. 32 Among a variety of post-translational modifications, Drp1 phosphorylation at Ser-637/616/656(amino acid positions in human, mouse, and rat Drp1, respectively) seems to play a central regulatory role. 32, 33 Despite the central importance of Drp1 phosphorylation in mitochondrial fission, the functional consequences of the two conserved serine phosphorylation sites on Drp1 activation remain incompletely understood. For example, although PKA phosphorylation of Drp1 at Ser-637/656(human/rat) decreases Drp1 GTPase activity, 32, 33 phosphorylation of the same conserved serine residue in Drp1 isoform3 by Ca 2+ /calmodulin-dependent protein kinase Ia causes a significant increase in Drp1 recruitment to the mitochondria. 34 We have previously shown that Rho-associated, coiled coil-containing protein kinase 1-mediated Ser-637 phosphorylation (mouse Drp1 isoform b) resulted in Drp1 translocation to the mitochondria, similar to the effect of Ca 2+ /calmodulin-dependent protein kinase Ia. Here, we recapitulated results that show increased Ser-637 phosphorylation in HG conditions. We have shown, furthermore, that pharmacologic inhibition of Drp1 is sufficient to block this phosphorylation, presumably because of the notion that Mdivi1 acts at the earliest stages of Drp1 oligomerization, whereas phosphorylation is required for Drp1 translocation to mitochondria after formation of Drp1 oligomers. Notably, our results also validate the previous observations indicating that there is a significant crosstalk between podocytes and mesangial cells. Indeed, by targeting Drp1 in podocytes, we observed not only significant improvements in podocytes structure and function but also, a significant amelioration in mesangial matrix accumulation. This is of significant interest, because despite several observations describing the interactions between mesangial cells and podocytes, the effect of specific mediators generated in podocytes that could influence mesangial cells has not yet been clearly defined. The interactions of mesangial cells with podocytes and how Drp1 might influence these interactions deserve additional exploration in future studies.
In summary, the findings of this study led us to a number of conclusions: (1) mitochondrial morphology is an important determinant of the mitochondrial dysfunction in DN, (2) Drp1, a critical mediator of mitochondrial fission, serves as an important player in mediating progression of DN, (3) targeting Drp1 may provide a novel therapeutic approach in DN, and (4) our findings functionally link inhibition of mitochondrial fission with improved mitochondrial fitness and progression of DN. We suggest that the data presented herein provide a more complete framework for understanding and therapeutically exploring the role of mitochondrial fission and Drp1 in DN.
CONCISE METHODS
Tissue Culture
Conditionally immortalized mouse podocytes were cultured as previously described. 35 Briefly, cells were cultured on BD BioCoat Collagen I Plates (BD Biosciences, San Jose, CA) at 33°C in the presence of 20 U/ml mouse recombinant IFN-g (Sigma-Aldrich, St. Louis, MO) to enhance expression of a thermosensitive T antigen. Immortalized mouse podocyte cell lines are routinely characterized in the laboratory on the basis of morphology and gene expression patterns. Immortalized cells for all experiments reported herein were between passages 4 and 12. Primary cultured podocytes were isolated as described below, and experiments done on these cells were performed on passages 2 and 3 only. Cells were confirmed to be free of mycoplasma contamination. To induce differentiation, podocytes were maintained at 37°C without IFN-g for 10-12 days. Podocytes prepared for experiments involving HG (25mM) conditions were serum deprived for 24 hours before addition of HG. Likewise, control cells were serum deprived and cultured with NG (5mM). Cell culture experiments were repeated at least three independent times.
Animal Experiments
Animal maintenance and experimental procedures were carried out in accordance with the US National Institutes of Health guidelines for use of experimental animals and approved by the Animal Care Committee of the University of Texas MD Anderson Cancer Center. Male db/db diabetic mice in C57BLKS background and their nondiabetic littermate control db/m mice (8 weeks old) were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were housed in a room at a constant temperature of 22°C 62°C with 12-hour light-dark cycles. Drp1 floxed mice were bred on the C57Bl6-J background. Mice were genotyped using primers according to published references. 14 Mice were intercrossed with C57BLKS-Lepr db/m mice for at least six generations to make homozygous Drp1 floxed mice on the C57BLKS background. For studies involving deletion of Drp1 in podocytes, 8-week-old mice were separated into four groups as follows: db/m;Drp1 Pod-f/f 620mg/kg tamoxifen or db/db;Drp1 Pod-f/f 6 20mg/kg tamoxifen. Tamoxifen (Sigma-Aldrich) was resuspended in sesame oil and administered to mice intraperitoneally for a total of 10 injections divided over 14 days. Mice were monitored for an additional 10-14 weeks. Fasting blood glucose level, weight, and albumin levels were monitored at 8, 12, 16, and 20 weeks of age.
Mdivi1 Experimental Protocol
Mice were allocated into the following groups: nondiabetic controls (n=10), diabetic (db/db) mice administered vehicle (DMSO; n=10), and diabetic mice given Mdivi1 (n= 10). Mdivi1 was administered every other day (50 mg/kg intraperitoneally) for 8 weeks. After 8 weeks of Mdivi1 treatment, mice were euthanized for biochemical and histopathologic analyses.
Metabolic and Physiologic Parameters
Before euthanizing the mice, urine was collected over 24 hours, with each mouse individually housed in a metabolic cage and provided with water ad libitum. Urinary albumin concentration was measured by a mouse albumin ELISA kit (Exocell, Philadelphia, PA). Urinary creatinine concentration was measured using the QuantiChrom Creatinine Assay Kit (BioAssay Systems, Hayward, CA). 
Kidney Histopathology
Kidneys removed from anesthetized mice were immediately cut in half, fixed in 10% formaldehyde in 0.1 mol/L PBS (pH 7.2), embedded in paraffin, and sectioned at 5 mM. Sections were stained with hematoxylin and eosin, and PAS staining was used to evaluate the general histologic changes in glomerular and tubular structures. Glomerular volume, mesangial fraction, and mesangial volume were determined from PAS and then analyzed to determine the cross-sectional area of the glomerular tuft and the mesangial area. The cross-sectional area of the glomerular tuft was determined from outlines of the tuft using the program Adobe Photoshop 7.0 (Adobe Systems, Inc., San Jose, CA). The mesangial area within the glomerular tuft was defined as the area that stained positively for PAS. [36] [37] [38] [39] Positive staining was identified using the capacity of Adobe Photoshop to select areas of matching color intensity. Mesangial fraction was calculated as the ratio of mesangial area to area of the glomerular tuft. Five mice were analyzed per group, and 50 glomeruli were measured per mouse.
Mitochondrial Morphology Assessment
Podocytes were grown until they were 70% confluent. The cells were grown in either NG or HGor treated with 20mM Mdivi1 for 30 minutes. After 48 hours, cells were incubated with 150 nM MitoTracker Red for 20 minutes, then fixed with ice-cold methanol, and mounted. Images were acquired by deconvolution microscopy. Mitochondrial shape descriptors and size measurements were obtained using ImageJ (version 1.42q; National Institutes of Health, Bethesda, MD). For aspect ratio measurements, the ratio between the major and minor axes of the ellipse equivalent to the mitochondrion was determined. The degree of branching or form factor was defined as (Pm 2 )/(4pAm), where Pm is the length of mitochondrial outline, and Am is the area of mitochondrion. Mitochondrial area was measured as the two-dimensional area (in micrometers 2 ) projected to the focal plane of the image. Individual mitochondrion perimeter was measured by taking the sum of the pixels of the mitochondria edge multiplied by the length in micrometers of each pixel. Circularity was measured using mitochondrial surface area and perimeter using the equation 4pz(surface area/perimeter 2 ). In summary, these measurements were made using ImageJ on the basis of previously published methods. 40 The morphology of at least 120 mitochondria was determined for each condition.
ATP Production
Cellular ATP levels were measured using the CellTitre-Glo Luminescent Cell Viability Assay Kit (Promega, Madison, WI) according to the manufacturer's instructions. ATP levels assays were performed on lysed podocytes as previously described. 41 
Mitochondrial Membrane Potential
Podocytes were plated at 40% confluency in 96-well plates. Mitochondrial membrane potential was measured using the fluorescent dye tetramethylrhodamine methyl ester (TMRE). To remove the plasma membrane contribution to the TMRE fluorescence, each assay was performed in parallel as above plus 10mM carbonyl cyanide 3-chlorophenylhydrazone, which collapses the mitochondrial membrane potential. All data are expressed as the total TMRE fluorescence minus the carbonyl cyanide 3-chlorophenylhydrazone-treated TMRE fluorescence. The results were normalized to total protein concentration in each well. For imaging, podocytes were examined in the inverted confocal microscope (Nikon, Tokyo, Japan) equipped with an incubation that allowed us to keep cells at 37°C in a controlled atmosphere with a mixed air/CO 2 flow of 4 L/h and 5% CO 2 . The images were analyzed by ImageJ for integrated density analysis.
Seahorse Metabolic Analyzer Assays
Cultured podocytes were grown on 0.1-mg/ml collagen-coated plates in RPMI1640media (Gibco, Grand Island, NY) supplemented with 10% FBS and 1% Anti-Anti and maintained in HG (25mM) or NG (5 mM) conditions. Cells were passaged to a 24-well XF24 Plate (Seahorse Bioscience, Billerica, MA) at a cell density of 5310 4 cells per well. Cartridge plates for metabolic stress injections were hydrated for at least 8 hours at 37°C before the assay with calibrant solution (Seahorse Biosciences). One hour before running the seahorse assay, the XF24 Plate's running medium was removed and replaced with Seahorse Assay Medium (final volume of 500 ml per well). Assay conditions and setup were performed according to instructions described by Seahorse Biosciences. OCR was reported in the unit of picomoles per minute, and the results were normalized to cell number using the Cyquant Direct Cell Proliferation Assay Kit (C35011; Molecular Probes). The area under the curve was calculated for the area as previously described. 42 
Podocyte Isolation
Kidneys from deeply anesthetized mice were harvested, and kidney cortices were dissected and minced into small pieces with a surgical blade in ice-cold HBSS. The tissues were digested in collagenase solution containing 1 mg/ml collagenase A (Roche Diagnostics, Indianapolis, IN) and 0.2 mg/ml deoxyribonuclease I (Roche Diagnostics) in HBSS at 37°C for 60 minutes with gentle agitation. The collagenase-digested tissues were gently pressed through a 100-mm cell strainer (BD Biosciences) using a flattened pestle. The cells were finally passed through a 25-mm filter pelleted and counted. Cells were resuspended in 500ml labeling buffer with 5mg both biotinylated antiPodocalyxin and ant-Kirrel2 (R&D Systems, Minneapolis, MN) at 4°C for 1 hour. The cells were washed three times with labeling buffer and centrifuged at 3003g. Cells were resuspended in Streptavidin M-280 Dynabeads (Life Technologies, Carlsbad, CA) and incubated for 1 hour. Podocytes bound to Dynabeads in the cell suspension were gathered by a magnetic particle concentrator and washed three times with labeling buffer. Finally, collected podocytes were suspended in a suitable amount of media and either used for analysis immediately or cultured for other downstream experiments.
Scanning Electron Microscopy
Samples were treated with a fixative containing 3% glutaraldehyde plus 2% paraformaldehyde in 0. 
Glomerular Membrane Thickness Measurements
The TEM images were acquired by using a Hitachi H-7000 TEM System (Hitachi, Yokohama, Japan) and a JEM 1010 Transmission Electron Microscope (JEOL, Inc.) with magnification in the range of 1500-25,000. We threshold out the various regions of the glomeruli using the inbuilt threshold function in ImageJ. After separation of the various segments out, with GBM the only one remaining, we used the BoneJ, a plugin for bone image analysis in ImageJ, to measure the GBM thickness as previously described. 43 Cell Apoptosis and Mitochondrial ROS Determination 
GTPase Activity Assay
For Drp1-GTP pulldown assay, 20ml GTP Agarose Beads (Innova Biosciences) were added to each tube and washed with IP buffer three times. Quantified protein extracts were then added on top of the GTP agarose beads at equal amounts in each tube and incubated with beads on the rotator overnight at 4°C. The next day, the beads were washed three times. The beads were boiled in sample loading buffer for 5 minutes and spun to harvest the pulldown proteins. The eluted sample proteins (sample input) were then resolved by SDS-PAGE (10% gel). Western blot analysis was then performed as described below to detect active (pulldown) and total (input) Drp1. 
Western Blot Analyses
Immunocytochemistry
After dewaxing and rehydration, 5-mm-thick kidney sections were subjected to heat-induced epitope retrieval in Tris-EDTA Buffer (10mM Tris Base, 1mM EDTA Solution, and 0.05% Tween 20, pH 9.0). Nonspecific interactions were blocked with 10% Normal Donkey Serum in 13Tris-Buffered Saline with Tween for 1 hour at room temperature. Sections were then incubated with anti-WT1 antibody (clone C-19; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight in blocking solution. The next day, sections were washed in Tris-Buffered Saline with Tween and treated with a 3% H 2 O 2 solution to reduce endogenous peroxidase activity followed by incubation with anti-rabbit HRP-conjugated secondary antibody. Visualization was performed using a Vectastain ABC Kit (Vector Laboratories, Burlingame, CA). Sections were examined using a Nikon Microscope (Nikon D50i) with a 603 objective. Podocytes were identified according to cell localization and positivity to WT1 staining. Total numbers of podocytes were counted in kidney sections of randomly selected animals in 15 randomly selected kidney glomeruli per animal. The data were expressed as podocyte numbers relative to the corresponding glomerular area as assessed by a computer-aided image analysis system (Adobe Photoshop 7.0). 44 from Biobryt. Anti-Synaptopodin was obtained from Santa Cruz Biotechnology. Mito Tracker Red CMXRos and MitoSox Red Mitochondrial Superoxide Indicator were purchased from Invitrogen. Coverslips were mounted, and slides were imaged by confocal microscopy (Nikon). Quantification was carried out using ImageJ software. For tissue sections, after antigen retrieval and blocking, 5-mm kidney paraffin sections were incubated overnight at 4°C with anti-Synaptopodin, WT1 (Santa Cruz Biotechnology) or anti-Drp1 (611112; 1:100; Becton Dickinson), anti-Drp1 phosphorylated at Ser-637 (Orb127984; 1:100; Biorbyt) primary antibodies; specific staining was detected using the FITC-conjugated donkey anti-mouse/antirabbit secondary antibodies. Sections were examined using a Nikon Confocal Microscope (Nikon Eclipse Ti). Podocytes were identified according to cell localization and positivity to WT1 staining. Total numbers of podocytes were counted in kidney sections of randomly selected animals in 15 randomly selected kidney glomeruli per animal. The data were expressed as podocyte numbers relative to the corresponding glomerular area as assessed by a computer-aided image analysis system (Adobe Photoshop 7.0). 44 
Statistical Analyses
Group data are expressed as means6SEMs. Comparisons of multiple groups were performed using one-way ANOVA followed by Tukey multiple comparisons test. Comparisons between two groups were performed using t test. All tests were two tailed, with a P,0.05 considered to be a statistically significant result. Tests were performed with GraphPad version 6.0b (GraphPad Software, La Jolla, CA).
